To understand how body composition relates to functional impairment, the authors examined cross-sectional associations of absolute and relative measures of fat and lean mass with physical performance and self-reported functional limitation. The sample consisted of a community-based cohort of 1,655 older women and men from Sonoma, California, who had complete baseline data in 1993-1994 on body composition, physical performance, and functional limitation. Physical performance was assessed by walking speed and grip strength, while global functional limitation, across several domains, was assessed by self-report using standard questions. Lean mass and fat mass were estimated from bioelectric impedance using population-specific prediction equations derived from dual x-ray energy absorptiometry. Higher fat mass was associated with slower walking speed and greater likelihood of functional limitation, while higher lean mass was generally associated only with increased grip strength. A higher lean mass-to-fat mass ratio, a relative measure of body composition, was associated with faster walking speed and less limitation. These findings suggest that fat mass negatively impacts some domains of physical performance and overall functioning, while lean mass is less significant in absolute terms but is important relative to amount of body fat. Am J Epidemiol 2002;156:110-21. aged; body composition; obesity; thinness Abbreviations: BIA, bioelectric impedance; DEXA, dual energy x-ray absorptiometry; MET, metabolic equivalent; resid, residual variable.
of fat were associated with a greater likelihood of disability, while lower levels of lean or fat-free mass were not (12) (13) (14) .
The failure to observe a relation between low lean mass and functional limitation is contrary to the hypothesis that sarcopenia, the age-related loss of muscle mass, decreases physical performance and results in physical impairment (15, 16) . It is also contrary to the improvements in physical performance observed after resistance training (17) . The purpose of this study was to assess cross-sectional associations of performance-based and self-reported physical function with absolute levels of lean and fat mass independently of each other and of overall body size. In addition, since lean mass and fat mass are not biologically independent, this study also examined the influence of each relative to the other, as defined by the ratio of lean to fat mass. Finally, this study explored the independent relation of fat distribution to physical performance and functional limitation.
MATERIALS AND METHODS

Study sample
The sample consisted of 2,092 men and women aged 55 years and older who resided in or near Sonoma, California, in 1992 and participated in a baseline assessment for a longitudinal investigation of the effect of aging on physiologic capacity and physical function. Details of the study design and sampling procedure have been described elsewhere (18) . Briefly, a community-based census identified 3,057 eligible persons at the time of recruitment; 68.4 percent (n = 2,092) agreed to join the cohort and completed a baseline protocol that included an in-home interview and laboratory-based measures. A questionnaire, returned by 44 percent of the nonparticipants, indicated that they were similar to participants in terms of age and number of major chronic medical conditions but were less educated and more likely to be married and former or current smokers. Included in this analysis are 947 women and 708 men (79.1 percent of the cohort) who had complete data on body composition, physical performance, and functional limitation.
Assessment of physical performance and functional limitation
Walking speed was measured by the number of feet walked in 60 seconds, and grip strength in the dominant hand was measured in kilograms with a hydraulic hand grip dynamometer. Participants performed the grip strength test three times, and the mean of the three attempts was used in analysis. Both measures of physical performance were made in the participants' homes by trained interviewers following a standardized protocol.
Self-reported functional limitation was defined from a series of 10 questions (appendix 1) that assessed the degree of difficulty a participant experienced in various domains of physical functioning, such as stooping, crouching, or kneeling; lifting or carrying more than 10 pounds (4.54 kg); and walking up and down stairs. The specific questions were taken from those used in the Framingham Disability Study (19) and Established Populations for Epidemiologic Studies of the Elderly (20) and from the Nagle (21) and Rosow and Breslau (22) scales, all of which have demonstrated reliability and are closely associated with directly measured physical performance (23) . Participants who reported "a lot of difficulty" doing one or more functions or not doing at least one function because they were unable or a doctor told them not to were categorized as having a self-reported limitation. All others were defined as having no self-reported limitation. This summary variable represented a broad selfassessment of functional limitation encompassing a range of domains.
Measurement of body composition
Estimates of fat mass and lean mass, considered to be absolute measures of body composition, were derived from reactance and resistance measured with bioelectric impedance (BIA) using the BIA101Q Quantum Body Composition Analyzer System (RJL Systems, Clinton Township, Michigan). With the participant lying supine, bipolar electrodes were placed on the middle finger of the right hand and the lateral aspect of the right ankle. As recommended by Roubenoff et al. (24) , fat and lean mass were then estimated from study-specific regression equations predicting lean mass as measured with dual energy x-ray absorptiometry (DEXA). The equations were developed in a validation substudy with 100 men and 100 women randomly selected from the cohort members with no chronic conditions in 10 age-(above and below the median) and gender-specific body mass index strata (<10th, 10th-<50th, 50th-<75th, 75th-<90th, and ≥90th percentiles). These participants had duplicate BIA measurements and a whole-body DEXA scan using a LUNAR DPQIX machine (LUNAR, Madison, Wisconsin). Gender-specific multiple linear regressions, with lean mass measured by DEXA as the dependent variable regressed against the predictor variables suggested by Roubenoff et al. (24) , produced the following prediction equations:
Lean mass men (kg) = 3.587 + 0.326(height 2 /resistance) + 0.304(weight) + 0.136 × reactance Lean mass women (kg) = 5.161 + 0.439(height 2 /resistance) + 0.152(weight) + 0.053 × reactance
The total variances in lean mass accounted for by these equations in the validation sample were 0.85 and 0.80, respectively.
Similar regressions were performed for lean plus bone mass. Since total mass is the sum of fat mass plus lean plus bone mass, fat mass (in kilograms) was obtained by subtraction of lean plus bone mass (in kilograms) from weight.
Finally, a relative measure of body composition, the leanto-fat ratio, was defined by dividing lean mass by fat mass.
Measurement of body size and fat distribution
Measures of body size included height and weight; waist circumference was used as an indicator of fat distribution. Height (in centimeters) was measured on a wall stadiometer with participants in their stocking feet. Weight (in kilo-grams) was measured on a digital scale. Waist circumference was measured at the location of the natural waist with a Gullick tape measure (Country Technology, Gary Nils, Wisconsin) and recorded to the nearest centimeter.
Other covariates
Age, comorbidity, self-reported physical activity, and smoking status were considered as factors that may confound associations between body composition and physical performance/functional limitation. Age (in years) was calculated as the difference between the date of baseline examination and the reported date of birth. Comorbidity was defined as no chronic condition, one chronic condition, or two or more chronic conditions, based on self-reported physician diagnosis of cardiovascular disease, stroke, cancer, diabetes mellitus, kidney or liver disease, or Parkinson's disease. Recreational physical activity during the previous year was assessed by asking respondents about the average number of times per week they engaged in 22 common activities, such as swimming, bicycling, brisk walking, dancing, and gardening. Activities were assigned standard intensity values in metabolic equivalents (METs) (one MET approximately equals the oxygen consumption required for sitting quietly) (25) multiplied by frequency and summed to create a continuous summary score in METs per week. Smoking status was determined by self-report and categorized as never, former, or current smoker.
Data analysis
The body composition, body size, and fat distribution variables were described by means and standard deviations and treated as continuous variables in all analyses. Walking speed and grip strength were also generally treated as continuous variables, while self-reported functional limitation was dichotomized as described above.
Pearson correlation coefficients provided a crude measure of the collinearity among pairs of body composition, body size, and fat distribution variables. Although a formal evaluation of the eigenvalues and condition indices failed to reveal a high degree of collinearity, the canonic correlation coefficient of lean mass with height and fat mass was 0.85 for both women and men, suggesting a substantial degree of interrelatedness. To minimize this and to allow for an evaluation of the distinct contribution to physical function of that part of each component of body composition or fat distribution that was unrelated to any other body composition or body size factor, three residual variables were defined from linear regression analysis as follows:
Residual variable Model lean mass resid lean mass = height + fat mass waist resid1 waist = fat mass + lean mass waist resid2 waist = lean mass/fat mass Each residual variable specified above represented that part of the dependent variable not accounted for by the independent variables in the corresponding model. No residual variable was defined for the lean-to-fat ratio, the relative measure of body composition, because it was not correlated with height. For that reason, height was also not included in the models defining that part of waist circumference not accounted for by fat and lean mass (waist resid1) or the lean-tofat ratio (waist resid2 ). Appendix 2 presents a mathematical explanation of this approach.
To examine mean differences in body composition and fat distribution by level of physical performance and functional limitation, least-squares means and 95 percent confidence intervals were obtained from analysis of variance, adjusting for age and comorbidity. For these analyses, walking speed and grip strength were dichotomized into high and low at the gender-specific mean.
Estimates of the independent association between physical performance/self-reported functional limitation and fat mass, lean mass resid , height, waist resid1 , and the potentially confounding variables specified above were obtained from multivariable linear or logistic regression models. All variables were entered as either median or mean centered. Weight was not considered in these models, since fat mass and lean mass (plus bone mass) equal weight. A priori hypotheses about possible effect modification of the relation between physical performance or functional limitation and lean mass by age or fat mass were considered by entering terms for lean mass resid × age and lean mass resid × fat mass. Because the age interaction for grip strength was statistically significant (p < 0.05) in men, that model was stratified at age 70 years. The fat mass interaction for grip strength was significant in women, and that model was stratified at the gender-specific median of fat mass.
The same approach was used to estimate associations of the relative measure of body composition, the lean-to-fat ratio, with physical performance and functional limitation, with consideration of effect modification by age only. The age interaction for grip strength was again significant in men, and that final model was also stratified at age 70 years.
Goodness-of-fit was evaluated by examination of the residual and predicted values in the linear regression models, and final models were run with and without potentially influential observations (those with a Studentized residual greater than an absolute value of 2). The Hosmer-Lemeshow test provided a measure of goodness-of-fit for the logistic regression models.
All analyses were stratified by gender.
RESULTS
Characteristics of sample
As shown in table 1, women accounted for 57.2 percent of the study sample, and the mean age for both women and men was between ages 69 and 70 years. As expected, the women were, on average, shorter and lighter, with less lean mass and more fat mass and, therefore, a lower lean-to-fat ratio. They also had a smaller mean waist circumference, suggesting less central fat distribution and a smaller overall frame size. Men reported a higher level of physical activity than did women, but the median level was highly active for both. Men had greater grip strength, but there were no differences in average walking speed. Although more than 40 percent of the sample reported at least one chronic condition, only about 30 percent of the women and 15 percent of the men reported any functional limitation. Fewer than 10 percent of the sample were current smokers.
Interrelations of body composition, body size, and fat distribution variables
Given that larger people have more mass and more volume than do smaller people, measures of body composition, body size, and fat distribution are highly correlated with each other. Table 2 presents the correlation coefficients between the measures used in this study. Weight, which was almost entirely collinear with fat mass (r = 0.97 and 0.95 in women and men, respectively), was also directly related to lean mass and waist circumference and inversely related to the lean-tofat ratio. Height, although only minimally correlated with the lean-to-fat ratio and waist circumference, showed a modest correlation with fat mass and a substantial correlation with lean mass (r = 0.59 and 0.54 in women and men, respectively). Lean mass and fat mass were also highly positively correlated with each other, and both were substantially related to waist circumference. In contrast, the lean-to-fat ratio was highly correlated in a negative direction with fat mass and waist circumference. The correlations presented in table 2 further demonstrate the rationale for the use of residual variables by showing the lack of association between the residual variables and the other variables. For instance, even though the correlation between lean mass and lean mass resid remained substantial (0.53 for both women and men), the correlation of lean mass resid with both height and fat mass was, as expected, reduced to zero. Likewise, the correlation between the leanto-fat ratio and waist resid2 was decreased to zero. As a result, the residual variables could be used simultaneously with other body composition or body size variables to examine independent relations of physical performance and functional limitation with that part of each factor that was not accounted for by the other factors.
Associations of body composition and fat distribution with physical performance and self-reported functional limitation
Results of separate analyses of variance, in which the mean level of each body composition or fat distribution variable was compared by level of physical performance or selfreported functional limitation, are presented in table 3. Each comparison was adjusted for age and comorbidity, but not for other body composition or body size variables. In both men and women, fat mass and waist circumference were significantly lower in those with a faster walking speed (above the median) and those with no self-reported functional limitation. Conversely, the lean-to-fat ratio was significantly higher, despite a generally lower lean mass. In contrast, greater grip strength (above the median) was significantly associated with greater lean mass, but there were no differences in the lean-to-fat ratio, fat mass, or waist circumference.
These associations, particularly those with lean mass, changed somewhat when the body composition, body size, and fat distribution variables were adjusted for each other by using the residual variables defined above and excluding potentially influential data points (59 women and 50 men). Although the magnitude of the parameter estimates changed slightly when influential data points were included, the direction of the associations and the inferences that could be drawn did not (data not shown).
Although walking speed in women and men remained inversely associated with fat mass and waist circumference (specifically, waist resid1 or that part of waist circumference not accounted for by lean mass or fat mass), lean mass (specifically, lean mass resid ) no longer showed an inverse association and, in men, showed a significant and more expected, direct association (table 4) . In the models with a relative measure of body composition, the lean-to-fat ratio continued to be positively related and waist resid2 negatively related to walking speed, independent of each other, height, age, and other covariates. When likelihood of reporting functional limitation was modeled as a function of the absolute measures of body composition, there was no relation with lean mass resid , while fat mass and waist resid1 were positively related (table 5). In contrast to the lack of an independent relation with the absolute measure of lean mass, the relative measure, the lean-tofat ratio, was associated with a large decrease in risk (odds ratio = 0.23, 95 percent confidence interval: 0.14, 0.35 for women; odds ratio = 0.45, 95 percent confidence interval: 0.31, 0.68 for men). In these models, waist resid2 continued to be related to increased likelihood of functional limitation, independent of body composition and size.
In women, relations between grip strength and absolute measures of body composition varied by fat mass. Although lean mass resid was directly associated with grip strength in all women, the magnitude of the association became less as fat mass increased (p for interaction between lean mass resid and fat mass = 0.0001, beta = -0.025). Stratification at the gender-specific median of fat mass (26.02 kg) (table 6) showed that a 1-kg increase in lean mass resid was associated with a 0.77-kg increase in grip strength in the leaner women compared with only a 0.33-kg increase in the heavier women. In addition, although fat mass was directly associated and waist resid1 was inversely associated with grip strength in the leaner women, neither was associated in the heavier women. Grip strength in women was not associated with the lean-to-fat ratio, although waist resid2 was positively associated.
In men, the relations between both absolute and relative measures of body composition and grip strength varied by age (table 7) . Models stratified by age showed that the magnitude of the increase in grip strength associated with an increase in lean mass resid was greater in the older men (beta = 0.367 in younger men and 0.865 in older men). Fat mass was not associated in either group, while waist resid1 was inversely associated only in the older men. In the models using the relative measure of body composition, neither the lean-to-fat ratio nor waist resid2 was associated with grip strength in the younger group but both were positively associated in the older group.
DISCUSSION
This cross-sectional study of body composition, physical performance, and functional limitation found that higher fat mass was associated with slower walking speed and greater likelihood of functional limitation; that part of lean mass not accounted for by height or fat mass was not associated with these outcomes, except for a small direct association with walking speed in men. In contrast, a higher lean-to-fat ratio was associated with faster walking speed and less likelihood of reported limitation. These findings suggest that absolute amount of fat mass negatively impacts physical performance and functioning, while the impact of lean mass is not as significant in absolute terms but is important relative to amount of body fat. This suggestion is consistent with previous studies. In the Framingham Heart Study, a higher percentage of body fat, as determined by DEXA, was associated with increased risk of self-reported disability (13) , and in the Cardiovascular Health Study cohort, a similar relation was observed with fat mass determined by bioelectric impedance (12) . Neither study found any association between disability and lean mass. A comparison of disabled and nondisabled elderly women also reported a significant relation between greater fat mass and disability but no association with lean mass (14) . These findings, along with those from this study, may suggest that, contrary to the sarcopenia hypothesis (15) , the accumulation of body fat may be more predictive of poor physical performance, functional limitation, and subsequent disability and mortality than loss of muscle mass.
On the other hand, in the domain of muscular strength, as determined in this study by grip strength, the influence of lean mass was apparent, although quite complex. In general, lean mass was directly associated with strength, but the magnitude of the association in women decreased as fat mass increased while, in men, the magnitude increased as age increased. This supports the well-known relation between muscle mass and muscular strength but may indicate that absolute strength is not as critical an element for other domains of physical performance or overall functional limitation as other physiologic capacities, such as aerobic capacity. Alternatively, it may be that the contribution of muscle mass, and, therefore, strength, to walking speed, for instance, is not linear and that it is only when muscle mass and strength fall below a certain minimal threshold that its effect in domains other than strength can be observed (26) . The finding that fat mass was directly associated with grip strength in the leaner women is surprising and may be due to chance or may reflect the importance of total body mass to muscular strength, especially at lower levels of total body mass.
This study also found that fat distribution, as measured by waist circumference, was associated with decreased walking speed and increased likelihood of self-reported limitation and with decreased grip strength in leaner women and older men (when absolute measures of body composition were considered). The implication of this finding is that central adiposity, independent of levels of lean mass and fat mass, negatively impacts physical functioning. However, only a few previous reports have examined the impact of central adiposity on functional limitation. One supported the finding of this study (27) , while two found no association (12, 13) . The direct association between waist circumference and grip strength in women and older men in models using the leanto-fat ratio is difficult to explain.
This study adds to previous work in several innovative ways. First, consideration of directly observed measures of physical performance as outcomes, in addition to selfreported limitation, may provide insight into how the different components of body composition contribute to intermediate stages of the disablement process, such as decrements in physical performance, as well as to outright limitation and disability (3). Second, examination of both absolute levels of lean and fat mass and lean mass relative to fat mass revealed that fat mass, in and of itself, may be a risk factor for functional limitation, while lean mass may be protective, not in an absolute sense, but in relation to fat mass. Finally, the analytic approach used in this study, which attempted to separate out that part of each body composition and fat distribution variable not accounted for by the other variables and by overall body size perhaps allowed for greater precision of estimates of independent associations. This approach, although typically not used in the analysis of body composition, is well-established in nutritional epidemiology, particularly when it is desirable to assess the effect of fat calories distinct from the effect of total caloric intake (28) . An important limitation of this study is the cross-sectional nature of the data. This makes it impossible to determine whether adverse changes in body composition, such as increased fat mass and waist circumference, were the cause or the effect of decrements in performance or onset of functional limitation. Another important limitation was the inability to assess the impact of diagnosed musculoskeletal diseases on the observed associations. A potential limitation, the assessment of body composition by bioelectric impedance, was overcome by the DEXA validation study that produced population-specific prediction equations and provided a high degree of confidence in the validity of the measures derived from BIA. Another potential limitation might be the ability to generalize the findings to other populations, given the predominantly White (96.6 percent), welleducated (40.4 percent with at least a college degree), and affluent (21.8 percent with incomes of $50,000/year or more) sample. In addition, there could be bias resulting from self-selection into the sample. However, as indicated earlier, the sample showed the full range of functional limitations and medical morbidity expected for the age range under study. In that sense, the cohort is representative of the broad, White middle class that constitutes a large segment of the elderly population in the United States.
In conclusion, this study reinforces the importance of minimizing age-related changes in body composition, particularly increases in fat and central fat deposition and decreases in lean mass to decrease risk of declines in physical performance and development of functional limitation. Unfortunately, the data do not reveal how to accomplish this. Future studies should focus on modifiable behaviors, such as physical activity, that might affect these adverse changes in body composition and prevent or slow the disablement process.
